Introduction {#s1}
============

With the aging population, rehabilitative training for the elderly is gaining humanitarian and economic importance (Poterba, [@B27]). A major goal is to keep the elderly as fit and active as possible to prevent immobility and hospitalization (Jamour et al., [@B13]). This effort has the potential to improve quality of life and decrease burdens on the medical system. Despite intensive investigations into methods for training and therapy, there is a paucity of data and evidence-based guidelines for endurance training in the elderly ≥75 years (Meusel, [@B19]). However, endurance training does show positive results (Meusel, [@B19]; Oster et al., [@B23]; Fiogbe et al., [@B8]; Pandey et al., [@B24]). For common diseases such as coronary heart disease, stroke, cancer and diabetes, endurance training has proven to be effective in younger individuals \<75 years (Buchner et al., [@B5]; Cornelissen and Fagard, [@B7]; Ventura-Clapier et al., [@B32]). Since those diseases have a high prevalence among geriatric patients, the question is raised regarding the benefit of such endurance training in the elderly. Restrictions in endurance capacity have a direct impact on immobility, muscle atrophy and frailty, all of which relate to activities of daily living (Avila-Funes et al., [@B1]). Recent studies in the field of endurance training suggest a greater effect of training at higher intensities (Hayashi et al., [@B12]; Swain and Franklin, [@B30]; Pokan et al., [@B26]). Higher intensities of training are especially hard to reach with geriatric patients because of physical and medical limitations. High-intensity training is even harder in rehabilitation settings such as after surgery. At times tolerance of active training may be reduced to 10--20 min per day. For endurance training to provoke adaptive responses in the cardiopulmonary systems in such a short time period, it may be necessary to conduct the training at 60--80% of peak oxygen (O~2~) consumption (VO~2~-peak) (Hayashi et al., [@B12]; Swain and Franklin, [@B30]; Pokan et al., [@B26]). Attaining this intensity level of training in the elderly may not be possible without substantial risk (Oster et al., [@B23]).

Positive effects of hypoxic training have been shown in prior investigations notably in obese subjects (Piehl Aulin et al., [@B25]; Netzer et al., [@B22]; Schipfer et al., [@B29]; Haufe, [@B11]; Gatterer et al., [@B10]). Initially, endurance performance in hypoxia is reduced, but even when applying a lower external load, such hypoxic training can result in cardiovascular and metabolic responses that are similar to high-intensity training in normoxia (Kong et al., [@B15]).

These observations suggest that hypoxic training may be useful to increase training intensity for geriatric patients while maintaining a low impact on locomotor systems. Hypoxic training may also have positive effects on ejection fraction (EF), heart rate (HR) to power ratio, O~2~ consumption (VO~2~), and revascularization of the myocardium (Knuth, [@B14]). In this study our aim was to measure the effect of endurance training under hypoxic conditions on pulmonary and cardiovascular parameters in an elderly population undergoing inpatient rehabilitation. We hypothesized that endurance training in normobaric hypoxia may induce a lower physical stress for a similar physiological strain compared to similar training in normoxia. As such, this may safely support targeted endurance training while respecting physical restriction in geriatric patients.

Methods {#s2}
=======

Subjects were recruited from the geriatric rehabilitation hospital (Fachklinik Ghersburg für Geriatrische Rehabilitation, Bad Aibling, Germany) attached to the study center. Inclusion criteria for participation were: (1) age \> 65 years, (2) cognitive ability to give informed consent and to participate in the study, (3) sufficient peripheral blood flow for pulse oximetry, (4) heart failure symptoms no worse than NYHA Class III, and (5) dosages of cardiovascular-relevant medications (ß-blockers, ACE inhibitors, etc.) that would allow at least a 10% increase of HR to physical stress. An exclusion criterion was any orthopedic condition that precluded performance of a cycle ergometry test.

Of the 40 patients recruited, 35 (87.5%) were able to complete the trial. Reasons for dropout were unwillingness to continue (*n* = 4) and termination for medical reasons (*n* = 1).

Descriptive means for the normoxic group (NG, *n* = 16) were: age 82.0 (±7.8) years, sex 11 women/5 men, and BMI 25.8 (±6.2) kg/m^2^. Descriptive means for the hypoxic group (HG, *n* = 19) were: age 80.2 (±7.2) years, sex 12 women/7 men, and BMI 25.2 (±5.3) kg/m^2^.

Exercise testing
----------------

At pre-test, anthropometric data were collected and echocardiography was performed. Cycle ergometry with ECG monitoring was conducted using a standard protocol for heavily impaired patients (Pokan et al., [@B26]). After 3 min of rest and 3 min of reference pedaling at 15 watts, the test started at 27 watts and was increased by 7 watts each minute until subjective exhaustion (Pokan et al., [@B26]). Criteria that would trigger interruption of the test were: (1) HR higher than maximal predicted, calculated using the formula 220 bpm---age, (2) systolic blood pressure (BP) higher than 220 mmHg, (3) any ST-segment changes, (4) ventricular extrasystoles, or (5) angina pectoris. The testing was also interrupted upon attaining subjective exhaustion equivalent to 18 on the BORG-Scale (Borg, [@B3]). After pre-test, patients were randomly assigned in equal numbers to the HG or the NG.

Training phase
--------------

The subsequent target HR for training was set as 80% of VO~2~-peak (maximum O~2~ consumption achieved during the pre-test ergometry test) with 5 bpm added to account for the conversion from cycle to treadmill training (Kroidl et al., [@B16]). The more standard conversion factor of 10 bpm was not used because patients most commonly train with their arms resting on the treadmill handrails. The main parameters that were used to assess training effects were EF by echocardiogram, peak HR, O~2~ saturation, VO~2~-peak, and peak O~2~/HR. Patients were asked to perform 7 training sessions during their 3-week stay in the geriatric rehabilitation center. The normobaric hypoxic chamber was set to contain either hypoxic air equivalent to an altitude of 3000 meters (F~i~O~2~ = 15.27%) or sham hypoxia (room air at F~i~O~2~ = 20.94%). Normobaric hypoxia was produced using a device called "Low Oxygen Systems" (Berlin-Buch, Germany) which provided a controlled mixture of fresh air and nitrogen to keep O~2~ and carbon dioxide (CO~2~) levels constant. This allowed patients to exercise without wearing a mask and to concentrate fully on the intervention. Patients were blinded to the different conditions though the investigators were not (single-blinded). Each of the 7 training sessions in the chamber included a stay of at least 30 min with a minimum of 10 min and a maximum of 30 min of active training on a treadmill. The treadmill (h/p/cosmos, Traunstein, Germany) offered forearm supports for more impaired patients and a safety belt to stop the movement in an emergency. The therapists tried to reach the target HR considering the physical and medical impairments of each patient and taking care not to exceed the target HR. BP (Omron M400 IT) was measured before each training session, while HR (Polar Heart Rate Sensor T31) and O~2~ saturation (NONIN Go 2) were monitored continuously during training.

The intervention protocol was designed to be practicable and achievable. The prescription of seven sessions of at least 10 min of endurance training over a 3-week period corresponded to common practice in geriatric rehabilitation hospitals. Both HG and NG subjects also participated in the other prescribed rehabilitation programs in the hospital, consisting of one 30-min individual physical therapy session and another 30-min group physical therapy session (e.g., strength, gait, balance training) per day. The mean time elapsed between training sessions as well as pre- and post-tests was 1.56 days in HG and 1.57 days in NG. At the conclusion of the 7 sessions of endurance training, outcome measurements were repeated as they had been performed at pre-test.

Statistics {#s3}
==========

Evidence from published research suggested that for the main outcome parameter of VO~2~-peak, we would detect a mean difference of 0.23 l/min (SD ± 0.36 l/min) between intervention group and control group (Vaitkevicius et al., [@B31]; Vogt et al., [@B34]). To reach a significance level set a priori at *p* \< 0.05 and a power of 80%, it would be necessary to enroll 17 subjects in each arm of the study. To account for possible dropouts, the study enrollment was set at 40 subjects in total. Data are presented as means ± standard deviation (SD). For all analyses a two-way ANOVA for repeated measures was performed. To identify the magnitude of statistical difference between the groups in each training session (Tr1-Tr7) a student *t*-Test was used. Data analyses were performed with the SPSS statistical software package (PASW Statistics for Windows version 21.0, SPSS Inc., Chicago, IL, USA). Effect size, using ANOVA, was calculated as partial eta-squared (η^2^). η^2^ \< 0.06 accounts for a small effect, 0.06 \< η^2^ \> 0.14 accounts for a medium effect and η^2^ \> 0.14 accounts for a big effect.

Study approval {#s4}
==============

The study protocol was reviewed and approved by the institutional review board of the University of Ulm on the January 19, 2015 and was registered as a clinical trial with the German Clinical Trials Register (DRKS). (Approval no. 359/12, Trial no. DRKS00005241) Participants gave their written informed consent prior to inclusion in the study.

Results {#s5}
=======

Thirty five patients (23 women) were able to finish the trial. Among these patients the most common diagnoses were coronary heart disease, diabetes types I and II, hypertension, chronic obstructive pulmonary disease, peripheral arterial occlusive disease, hip replacement, fractures, congestive heart failure, osteoporosis, stroke and myocardial infarction. The majority of patients were prescribed cardiovascular-relevant medications as well as diuretics, anticoagulant medication, cholesterol and blood sugar lowering drugs. During the study period, slight changes in medication were made by the hospital\'s physicians but these medication changes occurred in both groups equally.

The endurance training was well tolerated and there were no complaints regarding the intervention. For some patients, transfer to the cycle ergometer for ergospirometry was hard to accomplish. The gas analyzer mask was reported to be uncomfortable but tolerable for the short testing period.

Outcome measurements before and after the intervention
------------------------------------------------------

Statistical analysis showed no significant differences between groups. From pre- to post-test, there were no changes in anthropometric parameters (Table [1](#T1){ref-type="table"}). There was also no change in the measured cardiologic parameters. Mean EF for the HG showed a non-significant decrease compared to the NG. Although not significant, peak VO~2~ was higher in post-test in both groups. The peak O~2~ /-HR was higher in HG but this difference was not statistically significant. However, the maximum performance increased significantly in both groups from pre- to post-test (*p* = 0.004) (Table [1](#T1){ref-type="table"}). There were no sex differences regarding the effect of the intervention. Overall, both groups showed similar responses from pre- to post-test though the training intensity (% of peak VO~2~) was significantly lower in HG (*p* = 0.012) (Table [2](#T2){ref-type="table"}).

###### 

Anthropometrical and physiological values at baseline (pre-) and after (post-) the endurance training for the hypoxic group (HG) and normoxic group (NG).

  **Item**              **Hypoxic group (HG)**   **Normoxic group (NG)**   **Condition**      **Time**          **Interaction**                                                     
  --------------------- ------------------------ ------------------------- ------------------ ----------------- ----------------- ------------------------------------------------- -------
  Weight (kg)           67.74 (±18.92)           68.21 (±19.34)            68.38 (±16.49)     67.78 (±17.75)    0.56              0.608                                             0.254
  BMI (kg/m^2^)         25.23 (±5.26)            25.41 (±5.39)             25.83 (±5.71)      25.64 (±6.43)     0.457             0.827                                             0.287
  EF (%)                42.83 (±9.28)            39.87 (±9.31)             46.61 (±15.70)     44.2 (±9.46)      0.493             0.169                                             0.931
  Peak Power (W)        41.18 (±13.53)           46.19 (±14.43)            43.38 (±10.41)     46.24 (±11.41)    0.737             0.004[^\*\*^](#TN1){ref-type="table-fn"} (0.43)   0.289
  Peak HR (bpm)         120.05 (±30.12)          120.37 (±24.48)           116.56 (±22.92)    120.31 (±20.41)   0.296             0.118                                             0.459
  Peak VO~2~ (ml/min)   929.68 (±325.6)          1003.37 (±342.02)         938.13 (±218.01)   969 (±296.74)     0.858             0.375                                             0.703
  Peak O~2~/HR (ml)     8.86 (±2.83)             9.4 (±3.14)               8.61 (±2.54)       8.66 (±2.59)      0.655             0.544                                             0.574

*Values are means ± SD*.

BMI, body mass index; EF, ejection fraction of the heart; peak HR, peak heart rate; peak VO~2~, peak oxygen consumption; peak O~2~/HR, peak fraction of oxygen to heart rate;

*p ≤ 0.025 levels of significance effect size is displayed as η^2^*.

###### 

Physiological and training-intensity related parameters during the intervention for the hypoxic group (HG) and normoxic group (NG).

  **Item**                 **Hypoxic group (HG)**   **Normoxic group (NG)**   **Cond. *p* (η^2^)**   **Time *p* (η^2^)**   **Int. *p* (η^2^)**                                                                                                                        
  ------------------------ ------------------------ ------------------------- ---------------------- --------------------- --------------------- -------- ----------------------------------------------------- ----------------------------------------------------- ---------------------------------------------------
  Watt (W)                 18.53 (±6.54)            22.84 (±13.52)            23.26                  23.00 (±11.51)        34.75 (±14.90)        51.09    0.058                                                 \<0.001[^\*\*\*^](#TN4){ref-type="table-fn"} (0.56)   0.005[^\*\*\*^](#TN4){ref-type="table-fn"} (0.18)
  Watt/kg (W)              0.27 (±0.07)             0.32 (±0.15)              18.52                  0.33 (±0.11)          0.50 (±0.13)          51.52    0.012 (0.35)                                          \<0.001[^\*\*\*^](#TN4){ref-type="table-fn"} (0.53)   0.001[^\*\*\*^](#TN4){ref-type="table-fn"} (0.21)
  Training intensity (%)   79.45 (±7.96)            80.67 (±5.80)             1.54                   68.12 (±9.03)         74.43 (±8.33)         9.26     0.012[^\*\*^](#TN3){ref-type="table-fn"} (0.35)       0.059                                                 0.739
  BP systolic (mmHg)       140.47 (±22.78)          140.32 (±23.32)           −0.11                  148.44 (±17.95)       141.88 (±19.94)       −4.42    0.350                                                 0.163                                                 0.605
  BP diastolic (mmHg)      77.32 (±19.27)           76.68 (±10.24)            −0.83                  82.06 (±8.21)         75.75 (±11.83)        −7.69    0.609                                                 0.616                                                 0.465
  Velocity (km/h)          1.37 (±0.29)             1.37 (±0.36)              ±0.00                  1.44 (±0.29)          1.71 (±0.23)          18.75    0.070                                                 \<0.001[^\*\*\*^](#TN4){ref-type="table-fn"} (0.32)   0.001[^\*\*\*^](#TN4){ref-type="table-fn"} (0.21)
  Grade (%)                0.12 (±0.46)             1.65 (±2.21)              1.275                  1.13 (±1.75)          3.88 (±2.42)          243.36   0.005[^\*\*^](#TN3){ref-type="table-fn"} (0.42)       \<0.001[^\*\*\*^](#TN4){ref-type="table-fn"} (0.46)   0.066
  Walking distance (m)     263.16 (±99.12)          381.23 (±251.04)          44.87                  285.63 (±105.42)      505.42 (±178.25)      76.95    0.358                                                 \<0.001[^\*\*\*^](#TN4){ref-type="table-fn"} (0.63)   0.492
  SpO~2~ (%)               88.28 (±9.00)            90.11 (±11.47)            2.07                   94.42 (±2.98)         95.15 (±2.33)         0.77     \<0.001[^\*\*\*^](#TN4){ref-type="table-fn"} (0.72)   0.027[^\*^](#TN2){ref-type="table-fn"} (0.14)         0.776

*Values are means from Tr1 and Tr7 ± SD*.

Training intensity, % of peak heart rate; BP, blood pressure; SpO~2~, oxygen saturation

p ≤ 0.05,

p ≤ 0.025,

*p ≤ 0.001 levels of significance, effect size is displayed as η^2^*.

Intervention
------------

Aiming for a mean training intensity at 80% of VO~2~-peak the NG had to be pushed harder and only reached an average intensity of 74%. The HG had to be restrained to prevent them from exceeding their target HR resulting in a mean training intensity of 80%.(Figure [1](#F1){ref-type="fig"}). All intensity related parameters showed a significant reduction in training effort for HG as displayed in Table [2](#T2){ref-type="table"}. Resting BP in both normoxic and hypoxic environments did not change over the time course of the seven training sessions (Figure [2](#F2){ref-type="fig"}).

![Heart rate (expressed in % of HR peak) and power values (W/kg) recorded during the training intervention (Tr1-Tr7). Legend: ^\*^*p* ≤ 0.05, ^\*\*^*p* ≤ 0.025, ^\*\*\*^*p* ≤ 0.001 levels of significant differences between HG and NG in Tr1 to Tr7. Effect size is displayed as η^2^.](fphys-08-00514-g0001){#F1}

![Peripheral oxygen saturation (SpO~2~) and systolic (BP sys.) aswell as diastolic blood pressure (BP dia.) in Hypoxic Group (HG) and Normoxic Group (NG) during the training intervention (Tr1-Tr7). Legend: Effect size is displayed as η^2^.](fphys-08-00514-g0002){#F2}

Discussion {#s6}
==========

This is the first study of endurance training in normobaric hypoxia with exclusively geriatric patients. The present study demonstrates that endurance training performed in hypoxia in geriatric patients requires less physical effort to produce an effective and comparable physiological strain (i.e., higher HR) than with similar training in normoxia. Of particular relevance in elderly, the significant reduction in mean power output by more than 25% during such hypoxic endurance training offers a gentler rehabilitation process for specific orthopedic limitations.

While endurance training could also be performed using an arm ergometer or similar ergometers depending on the patient\'s injury, it is noteworthy that the main goals of most geriatric patients are to get back on their feet and avoid future falls (Buchholz and Kohlmann, [@B4]). Combining gait training and endurance training during a stay in a rehabilitation center may improve therapy even while taking into consideration the reduced tolerance of physical training experienced by most geriatric patients. In view of this lowered tolerance for physical training, hypoxic training---which appears to be well tolerated, without provoking any complications---provides a new opportunity to enhance cardiac capacity while focusing on classical therapeutic goals (e.g., improvement in gait performance and postural stabilization) in geriatrics.

With the exception of peak power output, both groups reacted with the same non-significant physiological changes: a slightly increased VO~2~-peak, a decrease in peak O~2~/-HR and no change in EF. Evidence from related studies suggest that hypoxic exposure normalizes hypertension, improves myocardial angiogenesis or ventricular remodeling and decreases the risk for ischemic heart disease (Millet et al., [@B20]). Hypoxia also seems to positively affect hematological parameters as well as cognitive functioning (Schega et al., [@B28]). The outcomes of the present study are in line with these findings. Nevertheless, the lack of significant changes in cardiac parameters suggest that the training stimulus for our population was not challenging enough to provoke measurable cardiac adaptations to the training. However, the endurance training reflected the routines commonly employed in geriatric rehabilitation programs. Therefore, it would not have been practical to prolong the training stimulus in our patients (Meusel, [@B19]). Rather than improving training stimulus (e.g., volume and/or intensity), we suggest that, depending of patients\' health and fitness status, implementing longer "time in hypoxia" without training may be beneficial to provoke bigger changes in cardiac and pulmonary parameters. Alternatively, more frequent interventions, with sufficient regeneration time, during a single day may prove to be more effective (Bernardi et al., [@B2]; Vogt et al., [@B34]; Foster et al., [@B9]). More investigations are warranted using this specific population.

An increase in maximum power output was measured in both groups after the intervention. This finding is likely due in most part to the rehabilitation routine each subject underwent during their stay. The rehabilitation intervention included physical strength training, gait training, balance training and other common physical therapy methods. The relatively lower HR observed in HG during the post-test may be an early signal of an emerging higher stroke volume and improved O~2~ utilization that has been demonstrated in other studies (Levine and Stray-Gundersen, [@B17]; Vissers et al., [@B33]; Lundby and Calbet, [@B18]; Moon et al., [@B21]). These positive outcomes may be attributed to the combined effects of the endurance training with an impactful target HR as well as the O~2~ deprivation.

There are limitations to our study. The study was conducted in geriatric patients with a variety of primary diagnoses, multiple co-morbid conditions and complex medication regimens. These circumstances naturally influenced the outcomes of the study. Nevertheless, geriatric patients typically have complex medical conditions which cannot be standardized. The complex medical histories of our patient population is a strength of this study in that the results are more likely to pertain to usual clientele served by geriatric rehabilitation programs. As stated by the World Health Organization, several diseases that our health system aims to cure in young people can be seen as a disability when it comes to old age (WHO, [@B35]). In order to develop an applicable hypoxic endurance training program for geriatric patients, it is important not to exclude particular medical conditions or medications. Second, the rather short hypoxic protocol was not challenging enough to provoke significant cardiopulmonary adaptations in either randomized group. Third, a larger study population may have allowed for subset analyses to identify patients with particular characteristics that would be more responsive to this intervention. Fourth, the NG did not reach the estimated 80% VO~2~ peak of training-intensity. The mean difference between NG and HG was 5.9 ± 4.2 bpm, which in our opinion does not influence the study outcome substantially. Nevertheless, the inability of the NG to reach the target training-HR validates the need for new methods to enhance training intensity.

In conclusion, the main outcome of this study demonstrated that endurance training in normobaric hypoxia demands less physical effort from the geriatric patient for the same degree of target HR response than similar training in normoxia. Our findings suggest that hypoxic endurance training is very likely to be more effective than normoxic training. Hypoxia has already been proposed to positively impact several common diseases in geriatric patients, such as hypertension, obesity, cognitive impairment and cardiopulmonary diseases (Burtscher, [@B6]; Millet et al., [@B20]; Schega et al., [@B28]). The great challenge for future investigations is to find a suitable and achievable training-protocol which provokes the expected beneficial adaptations for such population. Such a protocol should enhance geriatric rehabilitation while also taking into account the physical conditions that often limit the geriatric patients.
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